An accurate estimation of bed shear stress is essential for estimating sediment transport rates in streams, rivers and open channels. Precise velocity measurements were carried out in steady, uniform open channel flows over a rough bed with large scale roughness to compare different methods of estimating bed shear stress. Effect of reference bed level for measurement of water depth which is an important parameter for computing bed shear stress, was investigated.
Introduction
The sediment transport in alluvial channels and 
Computation of Bed Shear Stress
The computation of bed shear stress in steady, uniform open channel flow is studied through shear velocity of the flow as it is directly related to bed shear stress.
The shear velocity can be calculated using four different methods described below. The effect of reference bed level on shear velocity is much more pronounced in the first two methods, as water depth is necessary to compute shear velocity in these two methods. In methods 3 & 4, the computation of shear velocity is based on hydraulic radius and therefore, direct influence of reference bed level on shear velocity computation is comparatively low.
METHOD 1:
For a hydraulically rough bed ( Figure 1 
METHOD 2:
In this method, the same logarithmic velocity distribution (Eq.l) is used taking the reference bed level as the datum, which passes through sand grains at a height of the average size of particles (d^. The shear velocity is computed using the gradient of the plot of u vs. ln(y) for near bed velocity profile and roughness height using the intercept.
METHOD 3:
The relationship between mean velocity and u* is given by ( where U = mean velocity and R h = hydraulic radius. The shear velocity is calculated using the mean velocity of the flow at a particular section using equation (2) with the average value of k s obtained from methods 1 and 2.
METHOD 4:
The shear velocity for steady uniform flow is given by;
where, R h = hydraulic radius, corrected for sidewall effects and S = channel bed slope. 
Experimental Procedure
Natural river sand was sieved and the grains that passed through an 8 mm sieve and retained on a 2.3 mm sieve were used for the experiments. The mean diameter of sediment is 4 mm and the grain size distribution of sediments is shown in Figure 3 . The fixed bed was prepared by gluing a single layer of sediments on top of a plywood sheet with cement slurry and this sheet was fixed on to the channel bed. For each case, the velocity profiles were measured at every 0.5m interval from 1 m to 7 m stretch from the channel entrance. Flow velocities were measured at mid-vertical of the flow cross section in order to minimize side-wall effects. The velocities were measured by a 5 mm diameter micro-propeller current meter coupled with an AD converter and the velocity data were stored in the computer with the help of a computer programme. The readings were recorded at a 50 Hz frequency for 30 seconds per point. Based on these observations, it was found that the fully developed flow was established by the section at 5 m from the channel entrance. Accordingly, the velocity profiles measured at 5.0 m, 5.5 m and 6.0 m were taken for the present analysis. Water depths were also recorded at a section 5.5 m downstream from the channel flow entrance. The summary of hydraulic parameters of the test cases is given in Table 1 . 
Results and Discussion
As a typical result, the velocity profiles measured at the 5.5 m section for four different slopes and discharges are illustrated in Figure 4 . The location of reference bed level should be known for computing u* according to the method 1 described in Sec. (2) . In this case, the definition of bed level is related to the velocity profile and it is located by extending the velocity profiles below the lowest velocity reading to reach zero velocity as indicated in Figure 1 .
According to the experimental results, it was found that the distance between the reference bed level and the top of the sand particles, Ay vary between 4.5 mm and 5.8 mm.
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For each test case, the shear velocity was computed using four different methods presented in Sec. (2) . Figure 8 shows the variation of percentage differences in shear velocities given by different methods with (ujc/v) for all test runs. The shear velocities computed by methods (1) and (3) appear to be very close to each other and the maximum difference in shear velocities is about 5%. The maximum percentage differences in shear velocities computed by method (2) with methods (1) and (3) are nearly 10% and 13%, respectively. In contrast, the shear velocities given by method 4 are higher than those given by the other three methods indicating that the maximum percentage difference is as high as 45%. However, it is interesting to note that the differences in shear velocities derived from all four methods seem to decrease with shear Reynolds number as shown in Figure 8 . The above analysis reveals that the choice of bed level, whether it is passing through sand grains at a height of average particle size or taking the hypothetical bed level where the velocity is absolutely zero, would make about 10% difference in shear velocities at low values of Reynolds numbers within the hydraulic parameters considered during this study. However, this difference could be much more pronounced if Reynolds number is further low. However, it is difficult to state which method is more accurate as the actual values of shear velocities to estimate bed shear stresses are not available. Although various methods are available for measuring bed shear stress in-situ, the application of such methods might not be that reliable on rough beds.
Summary and Conclusions
The effect of reference bed level for measurement of water depth on bed shear stress was analysed in detail using a series of laboratory experiments in steady, uniform open channel flows over a rough bed. Two methods of treating the channel bed, one with the datum passing through sand grains at a height of average grain size and the other, taking the hypothetical bed level as the datum where the velocity becomes zero, were evaluated. Four different methods of estimating bed shear stress were compared. The following conclusions can be made:
(i) According to method 1, the difference between the hypothetical bed level and the top of the sand grains (Ay) decreases sharply with low Reynolds numbers eventually reaching a constant value for high Reynolds numbers. A functional relationship was developed between Ay/ks • with (ujk/to) which can be applicable for the shear Reynolds numbers less than about 4000.
(ii) Shear velocity varies according to the choice of bed level and the difference in shear velocities computed using methods 1 and 2 varies nearly 10%. This difference increases with low values of shear Reynolds numbers and vice versa.
(iii) Shear velocities predicted by method 4 are always greater than those predicted by the other three methods. However, the difference in shear velocities derived from all four methods seems to decrease with the shear Reynolds number. These differences are quantified for a range of Reynolds numbers.
